Results
of the pair. For example, in a transgenic strain containing a str-1::GFP fusion, 100% of the animals in a population express GFP in both AWB left (AWBL) and AWB right str-2, a Candidate Odorant Receptor, Is Asymmetrically Expressed (AWBR) ( Figure 1D ). By contrast, we found that str-2::GFP expression in the AWC neurons is bilaterally in the AWC Neurons str-2 is a predicted seven-transmembrane domain proasymmetric. In a strain with a str-2::GFP transgene integrated on chromosome I (kyIs140), 42% of the animals tein with sequence similarity to the diacetyl receptor odr-10. To ask whether str-2 might encode an odorant expressed GFP solely in AWCL, and the other 58% of the animals expressed GFP solely in AWCR (n ϭ 198, receptor, the expression patterns of str-2::GFP fusion genes were examined. A transgene with the str-2 pro- Figures 1E and 1F) . No animals expressed GFP in both AWC neurons. Therefore, str-2::GFP appears to be stomoter fused to GFP (str-2::GFP) was first expressed in the late embryo, where GFP expression could be chastically expressed in AWCL or AWCR, but it is invariably restricted to just one of the two neurons. detected in approximately ten cells ( Figure 1A ). Expression became more restricted after hatching and by late The potential to express the str-2::GFP fusion genes reveals a difference between the two AWC neurons. L1 was present strongly in AWC olfactory neurons and faintly in the ASI chemosensory neurons (Figures 1B str-2::GFP expression is asymmetric regardless of the chromosomal location of the str-2::GFP transgene. Four and 2B). Other odorant receptors such as ODR-10 are localized to the cilia of olfactory neurons, where odorant independent str-2::GFP strains with the transgenes integrated on chromosomes I, IV, V, or X expressed GFP in detection occurs. To ask whether STR-2 also localizes to the cilia, GFP was fused to its C terminus to create just one AWC neuron, with about half of the animals in a population expressing GFP in AWCL and the other a fluorescently tagged STR-2 protein (STR-2::GFP; Dwyer et al., 1998). The STR-2::GFP fusion gene was half expressing GFP in AWCR (see Experimental Procedures). Asymmetric expression was observed in both expressed strongly in the AWC cilia of transgenic animals, with faint expression in the cell body that was homozygous and heterozygous integrants, as well as animals bearing extrachromosomal arrays of str-2::GFP. excluded from the nucleus ( Figure 1C) . Expression in the AWC olfactory neurons and localization to their cilia These str-2::GFP integrants were used to monitor str-2 expression in all experiments; subsequent references suggest that STR-2 could be a receptor for an attractive odorant.
to str-2 expression refer to str-2::GFP expression. Although asymmetric regulation only requires the C. elegans chemosensory neurons, including the olfactory neurons AWA, AWB, and AWC, exist as bilaterstr-2 promoter, the STR-2::GFP translational fusion was also expressed asymmetrically, with transgenic animals ally symmetric pairs. GFP fusions to the receptor genes ODR-10 and STR-1 are expressed in the AWA and AWB showing expression only in the AWCL cilia, or the AWCR cilia, but never in both. The str-2 promoter could also neurons, respectively, in both the left and right neurons confer asymmetric expression onto other genes. A strwas asymmetric, with a wild-type ratio of AWCL and AWCR cells, in lin-12 loss-of-function (lf) and gain-of-2::ODR-10::GFP fusion was expressed and localized to the AWC cilia in an asymmetric fashion similar to str-2 function (gf) mutants, glp-1 null mutants, glp-1(ts) mutants, and in a mutant for the Notch ligand, lag-2 (see (in an extrachromosomal array line, 35% of transgenic animals expressed GFP in AWCL, 56% in AWCR, and Experimental Procedures). These results suggest that Notch signaling is not required for str-2 asymmetry. It 9% did not express GFP, n ϭ 179), whereas ODR-10 expression under its own promoter is symmetric in the is possible that glp-1 and lin-12 are required but redundant for this decision; glp-1 lin-12 double mutants were two AWA neurons. Furthermore, animals with both the str-2::GFP transgene and the str-2::ODR-10-GFP transnot examined because they arrest before the stage when str-2 is first upregulated in AWC. lational fusion gene always expressed both transgenes in the same AWC neuron. Although the str-2 promoter reveals an intrinsic difference between the two AWC neurons, the expression of the endogenous str-2 RNA The Basal State for str-2 Expression in a Single AWC Neuron Is Off and protein have not been determined. Transgenes do not necessarily recapitulate the precise expression of To determine whether str-2 is expressed in an AWC neuron in the absence of its contralateral partner, we endogenous genes, so it is most conservative to consider str-2::GFP expression simply as a marker for one killed precursors of either AWCL or AWCR early in development. The operated adult animals were then exam-AWC neuron. We will refer to a str-2-expressing AWC cell as AWC ON , and a non-str-2-expressing AWC cell as ined for str-2 expression in the surviving AWC neuron. The two AWC neurons derive from different cell lineages AWC OFF . The stochastic nature of str-2 expression is reministhat separate at the eight cell stage. The AWCL precursor (ABplpaa) and the AWCR precursor (ABprpaa) were cent of other developmental events in which cells that are initially equivalent achieve distinct cell fates by latlaser killed in embryos at about the 50-cell stage. At this point in development, each precursor cell gives rise to eral signaling. In many systems, including C. elegans, lateral signaling is mediated by a pathway involving the 15 cells, including AWC. When either the AWCL or the AWCR precursor was killed, the remaining AWC neuron Notch receptor. To ask whether Notch signaling regulates the decision for an AWC neuron to express str-2, failed to express str-2 ( 
, 1999). A loss-A genetic screen was performed to identify mutants
of-function allele of unc-43 was identified in the screen defective in str-2 asymmetry. This screen yielded ten for animals with two AWC ON cells. Expression of str-2 mutations in seven complementation groups that led to was examined in both null unc-43(lf) mutants and uncstr-2 expression in both AWC neurons (Table 2) . New 43(gf) mutants that are predicted to have calcium-indealleles of the previously identified genes unc-2, unc-36, pendent kinase activity. These experiments revealed unc-43, and unc-44 were identified. unc-2 and unc-36 that unc-43 acts as a switch for str-2 expression. str-2 encode ␣1 and ␣2 subunits of a voltage-gated calcium was expressed in both cells in an unc-43(lf) background, and it was often expressed in neither cell in an unc-43(gf) background (Table 3 and Figure 2B ). Thus, the ground (Table 1 ). In three animals in which the AWCR precursor was killed, the remaining AWC cell expressed Ca 2ϩ signaling is specifically required for str-2 asymmetry and not globally required for left-right asymmetry. str-2. This result suggests that unc-36 affects str-2 expression in an isolated AWC neuron, so that in unc-36
The ASEL and ASER neurons exhibit asymmetric expression of three guanylyl cyclase genes, including mutants AWC ON can be generated without the normal inducing signal. In one model, the normal AWC signaling gcy-5, which is always expressed in ASER (Yu et al., 1997). ). Therefore, if the decision to express str-2 is made sis indicates that unc-43(gf) is epistatic to unc-36, suggesting that Ca 2ϩ entering through the unc-2 and uncthrough cell-cell interactions between AWCL and AWCR, a likely place for this communication to occur is at the 36 channels stimulates unc-43 to inhibit str-2 expression in one neuron (Table 3) . AWC axons. To ask whether axon contact is required for the decision to express str-2, expression of str-2 The voltage-activated Ca 2ϩ channel encoded by unc-2/36 is related to channels that are regulated by memwas examined in four different axon guidance mutants: unc-76, sax-5, vab-3, and sax-3. These mutants all disbrane potential. To ask whether neuronal excitability regulates str-2 expression, the str-2 reporter gene was play premature axon termination of chemosensory axons in the nerve ring (Hedgecock et al., 1985; Zallen et examined in egl-2(n693) mutants. egl-2(n693) encodes an ERG-type potassium channel that opens at a lower al., 1998, 1999). In all four mutants, many animals had no str-2 expression in AWC (Table 3 and Figure 3E ). As voltage than the wild-type channel, resulting in defects in AWC function, egg laying, and other behaviors (Weinexpected from previous results, all four mutants exhibited premature termination of the AWC axons ( Figure  shenker et al., 1999) . In egl-2(n693) mutants, str-2 was expressed in both AWC neurons (Table 3) . Reduced 3D and data not shown). These results suggest that normal axon guidance, perhaps to allow contact beexcitability of the AWC neurons in egl-2(n693) mutants might prevent the voltage-dependent Ca 2ϩ channel from tween the two AWC axons, is required for asymmetric expression of str-2. Since AWC OFF is the default state, opening, thereby affecting str-2 expression. ., 1993) . In all four structures in sensory cilia (Hedgecock et al., 1985) . The defective str-2 expression in these mutants could result mutants, asymmetry of str-2 was unaffected (see Experi- (Table 4 and the Ca 2ϩ signaling mutants, suggesting that the maintetions in the guanylyl cyclase genes daf-11 and odr-1 nance pathway is needed even when str-2 expression ( Figure 2C and Table 3 ). Mutations in either the tax-2 comes on via abnormal Ca 2ϩ signaling. The Ca 2ϩ signalor tax-4 subunit of the cyclic nucleotide-gated channel ing mutants were epistatic to the mutants unc-33/44, decreased overall levels of str-2 expression and somewhich affect the cytoskeleton and axon guidance, but times resulted in two AWC OFF cells (Table 3) . tax-2/4 paradoxically the cytoskeletal mutants were epistatic to mutants occasionally expressed str-2 in both AWC neucGMP signaling mutants. A possible explanation for this rons, but one neuron was usually much fainter than the result is that cytoskeletal factors act both in axon guidother, unlike Ca 2ϩ signaling mutants, where two AWC ance and in another process. For example, they could neurons expressed str-2 at equivalent levels. Thus, the act in axon guidance upstream of Ca 2ϩ signaling to protax-2/4 channel mutants disrupt str-2 expression in sevmote expression of str-2 in one cell (leading to the two eral ways, but they act chiefly to lower str-2 expression. AWC OFF phenotype) and also at a later step to inhibit The low but visible level of str-2 expression in channel str-2 expression in one cell (leading to the two AWC ON mutants contrasted with the guanylyl cyclase mutants phenotype). This model is consistent with the pleiotropic in which no str-2 expression could be detected. This effects of unc-33 and unc-44 on cell polarity, axon guidresult suggests that the guanylyl cyclases have slightly ance, and cilium morphology. different functions from the tax-2/4 channel, perhaps because cGMP regulates multiple targets. tax-4; odr-1 Discussion double mutants did not express any str-2 in the AWC neurons (Table 3) , like odr-1 mutants alone. str-2 expresLateral Signaling through Axon Contact and CaMKII sion was normal in odr-3 mutants (Table 3) . Several other Controls str-2 Expression G␣ proteins are expressed in AWC and may play a role The C. elegans candidate odorant receptor str-2 is exin olfaction (Jansen et al., 1999), so lack of a phenotype pressed in a stochastic, asymmetric fashion in the AWC in odr-3 mutants could be due to G protein redundancy. olfactory neurons. An individual animal expresses str-2 The cGMP signal transduction mutants and the Ca 2ϩ in either the left AWC or the right AWC neuron, but never channel mutants had opposite effects on str-2 expresin both. str-2 is the only known odorant receptor that is sion, suggesting that these pathways act independently expressed at high levels in AWC, so at this point it is in AWC. Indeed, in odr-1 mutants, daf-11 mutants, dafunclear whether AWC OFF expresses completely different 11; odr-1 mutants, and tax-4; odr-1 mutants, the initial receptors from AWC ON , or whether the two cells share decision to express str-2 was mostly unaffected. str-2 most receptors other than str-2. Laser ablations and expression was present in one AWC neuron in the L1/ genetic experiments suggest that both AWC OFF and L2 larval stage, but its expression disappeared later AWC ON respond to attractive odorants (data not shown). during the L2-L3 stage (Table 3 and Figure 2D ). This A model for str-2 regulation is proposed in Figure 4B . phenotype is specific to the cGMP mutants, since other
In the absence of cell signaling, the AWC neurons do mutants that lack str-2 expression, such as unc-76 and not express str-2 (Step 1). This str-2-negative state is unc-43(gf), had reduced expression in both L1 stages probably maintained by Ca 2ϩ , which enters the cell and in adults. These results suggest that olfactory cGMP through a voltage-gated Ca 2ϩ channel and activates signaling is required to maintain str-2 expression but is unc-43/CaMKII. During normal development, the axons not required to create the initial asymmetry. of the two AWC neurons communicate either directly or via another axon in the nerve ring, and str-2 expression Double Mutant Analysis of Genes Required is specified in one of the two cells. The initial signal for for str-2 Expression asymmetry between the two AWC neurons is unknown, str-2::GFP expression appears to be regulated by genes that fall into four different categories: (1) axon guidance but an essential aspect of their communication involves Mutant alleles as in Table 2 , except unc-43(lf);odr-1(n1936). All animals scored at 20ЊC, except daf-11 mutants, which were scored at 15ЊC to allow non-dauer development.
the unc-2/36 calcium channel and unc-43/CaMKII. At decisions usually involve the Notch signaling pathway, which has been implicated in a broad spectrum of cell some point one cell takes on the AWC OFF fate (shown as the left cell in Figure 4B) signaling plays a role in the decision, differences in electrical activity might create a bias in CaMKII activity between the two AWC cells. The connections that the two AWC neurons make in the nerve ring are mostly symmetrical in adults, but there might be additional axons that make asymmetrical contacts in the embryo and contribute to AWC asymmetry.
In the final stages of lateral signaling, one cell's stochastic advantage is amplified into an irreversible decision. In Notch signaling, a small initial asymmetry in receptor-ligand expression is amplified by both positive and negative feedback loops to yield two distinct cell types. The str-2 lateral signaling decision might use Ca 2ϩ signaling to reinforce the decision. Neuronal activity downregulates the cell adhesion molecules apCAM (Mayford et al., 1992) and fasciclin II (Schuster et al.,  1996) ; a related mechanism could allow Ca 2ϩ feedback to amplify an asymmetric interaction mediated by adhesion molecules. Alternatively, Ca 2ϩ may act downstream of all earlier signaling pathways to execute the str-2 decision.
The screen for genes affecting str-2 asymmetry yielded four known unc genes and three new nsy genes. The nsy genes appear to be less pleiotropic than the unc genes and may be more specific to the AWC cell fate decision. The nsy genes could encode the receptors or ligands involved in AWC interactions, transcription factors that regulate str-2 expression downstream of CaMKII, or other signaling components. The dominant nsy-3 mutations are particularly intriguing since many nance of str-2 expression. Direct observation and double mutant analysis suggest that cGMP signaling acts after Ca 2ϩ signaling. In contrast to other mutants defecthat allow the AWC neurons to recognize and signal to tive in the AWC ON fate, the initial decision to express each other. Examination of C. elegans neuroanatomy str-2 asymmetrically appears to occur normally in cGMP suggests that many neurons recognize their contralatsignaling mutants, but expression is not maintained. It eral partner; most bilaterally symmetric neurons in the is possible that cGMP signaling also has an ancillary nerve ring terminate at the dorsal midline where they role in the decision to express str-2, since tax-2/4(lf) make a gap junction with the axon from their contralatmutants sometimes have two AWC ON cells. cGMP levels eral partner (White et al., 1986 
Experimental Procedures
Neighboring R7/R8 pairs coordinately express rh3/rh5 or rh4/rh6, and an apparently random choice made by Plasmid Construction str-2 corresponds in part to the predicted gene C50C10.7, but cDNA R7 instructs the choice made by the neighboring R8. , 1991) . Briefly, L1 ani-(q339, n ϭ 36; q175, n ϭ 52). A maternal requirement for glp-1 was also examined with temperature shift experiments using the glp-1 mals were mounted on a 5% agar pad, the AWC neuron was identified by its characteristic morphology and position, or by the use of temperature-sensitive allele, q224. glp-1 is essential for early embryonic inductive events, so shifts to the restrictive temperature were cell-specific GFP markers, and then laser irradiated. performed after this time period (n ϭ 79). In all cases expression was normal (i.e., asymmetric expression in AWC, with about half the
